The detection of thermal neutrons has traditionally been accomplished with 3 He-tubes, but with the recent shortage of 3 He, much research has gone into finding suitable replacements. Both relatively inefficient 10 B-and 6 LiF-coated silicon diodes and HgI 2 have been known for many years, and engineered structures in Si that have been filled with 10 B and 6 LiF have shown promise. These devices are intended to realize an optimal juxtaposition of neutron-sensitive material and semiconductor and thereby simulate a semiconductor containing B or Li. Such material has been realized for the first time in the form of 6 LiInSe 2 in which collectable charge from the 6 Li(n,t) reaction indicates a neutron event. In this paper we report neutron and gamma responses of 6 LiInSe 2 , we show pulse height spectra from pure gamma sources and from a thermal neutron source, and we derive the µτ product from the position of spectral features as a function of bias voltage.
B-and 6 LiF-coated silicon diodes and HgI 2 have been known for many years, and engineered structures in Si that have been filled with 10 B and 6 LiF have shown promise. These devices are intended to realize an optimal juxtaposition of neutron-sensitive material and semiconductor and thereby simulate a semiconductor containing B or Li. Such material has been realized for the first time in the form of 6 LiInSe 2 in which collectable charge from the 6 Li(n,t) reaction indicates a neutron event. In this paper we report neutron and gamma responses of 6 LiInSe 2 , we show pulse height spectra from pure gamma sources and from a thermal neutron source, and we derive the µτ product from the position of spectral features as a function of bias voltage.
In addition, we demonstrate the observation of the beta decay of
INTRODUCTION
The frequency of workshops and meetings on the worldwide 3 He shortage has made it evident that the problem has progressed beyond the stage of being of academic interest and a number of replacement technologies have been reported. Replacement technologies are needed for national security and neutron science applications, especially those that enable the fabrication of large area detectors for imaging (diffractometers, coded apertures) and for long-range sensing of neutron sources.
There are no unambiguously demonstrated bulk semiconducting thermal neutron detectors with a reasonable efficiency. The lack of efficiency is caused mainly by the reliance of reported detectors on capture gamma rays or neutron sensitive coatings. Neutron sensitive coatings comprised of boron or lithium and their compounds have been deposited on and in diodes, 1, 2 scintillators, 3 and gas-filled detectors 4, 5 ; however, since these techniques incorporate only converters exterior to the detecting medium, they have limited efficiency. Work with HgI 2 has demonstrated that this material can detect capture gamma rays from the 199 Hg(n,γ) reaction, but with only a few percent efficiency. 6, 7 This low net efficiency is a consequence of the photo-peak efficiency of HgI 2 to the 366 keV capture gamma rays, making thick detectors necessary. Another drawback of HgI 2 is that the mercury capture gamma is close in energy to a capture gamma from iron and a natural gamma from a radium daughter (both at 352 keV), and the resolution of HgI 2 (~3% without special electronics and signal processing) is only barely able to distinguish them. The likelihood of the presence of significant quantities of steel, concrete, or soil (iron is a significant component of concrete and some soils) makes the presence of a 352 keV gamma ray a likely interference.
Similar schemes using cadmium zinc telluride have been reported. [8] [9] [10] [11] In these efforts, the 558 keV or sub-100 keV gamma rays from captures in Cd were self-detected in thin detectors. However, the former requires even thicker (and therefore more gamma efficient) wafers than HgI 2 because of the higher gamma energy, while the latter requires very thin wafers to avoid detecting the higher-energy Cd capture gamma rays. These detectors also were only a few percent efficient.
Bulk semiconducting crystals containing Li or B offer a distinct advantage for neutron detection over those materials containing Cd, Hg, or other (n,γ) convertor isotopes. Neutron capture in both Li and B results in the generation of heavy charged particles that deposit, on average, nearly 100% of the Q-value of the capture reaction, making their detection theoretically 100% efficient. The fact that the realized detection efficiency is always less than this is because of the steps required to remove events caused by interfering reactions and electronic noise.
The U.S. Patent and Trademark Office has granted a patent for borates used as semiconducting thermal neutron detection. 12 However, there are no published reports of the successful use of these materials by any authors. A patent has also been issued for hexagonal BN in the same application, 13 but there are no published reports of the successful use of this material, either.
Neutron detection in boron carbide has been reported by a research team from the University of Nebraska.
14 They fabricated a diode consisting of a 270 nm p-type B 5 C film deposited on n-type Si, obtained a spectrum by exposing the device in a nuclear reactor, and ascribed various features to neutron capture in boron. McGregor and Shultis, however, demonstrated that this device behaved like a coated Si diode and showed that neutron detection was occurring in the Si substrate rather than in the B 5 C layer. 15 Subsequently, the Nebraska team reported 16 the fabrication of an all-B 5 C diode and claimed to observe an 18 fA DC current when the device was exposed to a 120 n/cm 2 /s thermal neutron flux. However, these authors did not report any measurements designed to distinguish the thermal, fast neutron, and gamma responses, nor did they indicate how the small current was detected in the presence of a bias current several orders of magnitude larger. The authors do not report measurements of the bandgap, resistivity, or electron or hole mobilities or lifetimes, all of which taken together cast some doubts on the interpretation of the results. However, even if the questions regarding this material are satisfactorily resolved, the fact that it is grown in polycrystalline form by chemical vapor deposition from plasma-decomposed carboranes makes it unlikely that anything other than films incapable of producing a signature pulse-height spectrum in low-flux environments will be realized.
Li-containing chalcogenides (Li-III-VI 2 ) form an interesting class of materials for neutron detection because they contain 0.01 6 Li atoms/b-cm, which is a sufficient density to insure >95% absorption in a 3.4 mm thick wafer. Although research on their optical properties has been aimed at nonlinear optics applications, the fact that they are true crystals with bandgaps between 1.6 and 3.8 eV, depending on the constituents, and that they can be grown with high resistivity make them prime candidates for bulk radiation detectors. Nearly all the valence III and VI substituents have been grown and examined.
The optical properties pertaining to the use of chalcogenides, specifically Li-III-VI 2 compounds, in optoelectronic instruments, have been reported. LiGaS 2 and LiGaSe 2 have been reported by Petrov, et al. 17 to be stable in air. Having grown crystals up to 15 mm in diameter and 40 mm long, they report the bandgap of the selenide to be 3.65 eV and the sulfide to be 3.76 eV. No electrical characteristics are reported, however. Isaenko, et al. 18 report the band gap in LiGaSe 2 to be only 3.34 eV, however. The same paper also reports LiGaTe 2 , which has the tetragonal chalcopyrite structure (in contrast to the selenide which has a wurtzite structure), to have a bandgap of only 2.3 eV. Isaenko, et al. 19 describe the growth and properties of several Li-III-VI 2 chalcogenides and report band gap energies in agreement with other authors.
The growth and characterization (for nonlinear optical applications) of LiInSe 2 have been reported by Smith and Lowe 20 and Kamijoh and Kuriyama. 21 The latter authors grew 10 mm diameter by 20 mm long red single crystals with a bandgap of 1.88 eV. Smith and Lowe heated starting materials in a graphite ampoule in a two-step protocol to 920°C, held them at that temperature for 3 hours, and cooled them slowly to room temperature. The resulting crystals were also red but with a bandgap of 1.6 eV, approximately that of CZT. The same material was examined by Isaenko, et al., 22 who report the formation of relatively large (10 mm diameter by 20 mm long) yellow crystals that became dark red when exposed to selenium vapor. Measurement revealed the bandgap of the as-grown yellow crystals to be 2.86 eV, and for the red, about 2 eV. Isaenko's red crystals were undoubtedly similar, if not identical material, to those of Smith and Lowe, and Kamijoh and Kuriyama.
The first definitive hints that Li-III-VI 2 semiconductors might find use in neutron detection were made by Bell and Burger. 23 Tupitsyn, et al., 24 demonstrated the performance of high-quality 6 LiInSe 2 crystals as alpha particle detectors but, contrary to the implication of the title of the paper, did not report neutron measurements. In the present paper, we report measurements of the thermal neutron response, gamma response, and an estimate of the µτ product derived from neutron measurements.
EQUIPMENT AND METHODOLOGY
Two single crystal LiInSe 2 contacts detectors (one from Fisk University made with 6 Li, and one from RMD, Inc., made with nat Li) with Au contacts were exposed to neutrons. The Fisk detector was a 1 mm thick wafer with 0.5 cm diameter contacts, and the RMD detector was 0.79 mm thick with 0.3 cm contacts. All detectors were coated with a polymer to prevent attack by oxygen and water vapor in the air. The detectors were mounted in an eV Products model 480 brass (alloy C36000: 63-65% Cu, 2.5-3% Pb, 0.35% Fe, ~33% Zn) sample holder as shown in Figure 1 . The sample holder's interior base contact is a 0.01 inch Be window, and the top contact is provided by a pogo pin soldered to the centered BNC connector. A conducting rubber pad was inserted between the pogo pin and the Au contact to avoid damage to the contact and/or crystal by sharp points on the end of the pin. The pad and pogo pin are visible in Figure 1a . The RMD detector was mounted on a 16 mm diameter by 1 mm thick aluminum plate ( Figure 1b ) that served as an electrical contact between the Be window and the crystal. RMD used an opaque polymer coating, whereas Fisk used Humiseal 1B12 to cover all surfaces not used for contacts. The two screws in the base of the eV Products 480 mate with slots in the cover, which, when twisted, provides electrical continuity and light tightness.
The sample holder was connected to an Amptek CoolFET® charge sensitive preamplifier. The entire assembly was mounted on a scissors jack as shown in Figure 2 to adjust the vertical position of the detector to match that of a port in the thermal neutron source. Note that the sample holder is mounted directly onto the CoolFET® to decrease stray capacitance and cable noise. The output of the preamplifier was shaped by an ORTEC 672 amplifier and digitized by a Tukan 8K USB 13-bit multichannel analyzer. The threshold was set to approximately 25 keV (50 mV), and counting time was typically 1800 seconds. The fine gain of the 673 was set to 0.8; coarse gain was set to 200; and shaping time was set to 3 µs.
High voltage for the detectors was provided by a Keithley 6517B electrometer set up to source voltage and measure current. In this mode, the high voltage return is tied internally to the return of the electrometer's ammeter, and the load floats between the high voltage output and the ammeter's high side. We constructed an insulated box with electrically isolated BNC connectors for this circuit. Ammeter current was monitored to be sure neither the detector nor the CoolFET® suffered electrical breakdown; the outputs of both the CoolFET® and the ORTEC 673 were monitored for abnormal waveforms indicative of imminent breakdown. The neutron source comprises three capsules each with 1 g 241 AmO 2 powder intimately mixed with 7 LiH for a total of 10 Ci of 241 Am; it produces ~575,000 n/s. The source itself is contained with a 1 cm thick W-Ni-Fe shield to absorb the gamma radiation from the Am and (α,α´) reactions on the 7 Li. The source and shield are encased in a 50 cm polyethylene moderator with seven ports ranging from 2.54 to 10.16 cm in diameter. Thermal flux is approximately 100 n/s/cm 2 in the 10.16 cm ports, and 300 n/s/cm 2 in the central 2.54 cm diameter port.
We used a set of nesting cups (1 cm Pb, 1.27 mm Cd) to filter the thermal neutrons and gamma rays generated in the moderator. Gamma rays reaching a port arise from neutron captures in the polyethylene, W, Ni, Fe, the outer Cd liner of the steel case, and the radioactive decay of 187 W (t ½ = 24 h, E γ = 134, 479, 686 keV) produced by activation of the 186 W. The Cd cup was sufficient to remove x rays generated by all elements and all thermal neutrons, and the Pb cup inside the (a) (b) Ho (48, 81, 184, 280, 411, 712, 752, 810 keV) sources. Since the detectors were known not to have good gamma ray response, the sources were placed so that the radioactive material was approximately 4 mm from the face of the crystal; the crystal viewed the sources through the Be window of the eV Products 480 holder, and the endpoint of the spectrum was used as the indication of the full energy of the highest energy gamma ray from the source. Thus, only the 662, 1332, and 810 keV gammas were discernable. Nevertheless, structures corresponding to Compton edges were observed in the spectra.
Activation data were acquired with the Tukan 8K operating in multichannel analyzer mode and saving a pulse height spectrum acquired for 360 seconds. Ten seconds was allowed for writing the file to disk before the next counting interval began. The threshold was set identically to that used for the usual pulse height analysis. Multichannel scaling mode was not used because the Tukan 8K control software could not save data between counting intervals.
The data (counts) from each 360 second spectrum were summed above channel 75 to remove the effects of electronic noise, and the ensemble of data was fit according to
where A and B are the amplitude at t =0 and a constant term attributable to steady state background, and τ is the half-life (in seconds) of the radioactive species. The term in parentheses accounts for the decay of the radioactive species during the counting interval.
RESULTS

Neutron Response
Both detectors were examined for neutron response by exposing them to the 100 n/cm 2 /s flux for 30 minutes. Figure 4a shows pulse height spectra from the Fisk detector with 500 V bias. The light grey spectrum was obtained with the detector in the eV Products 480 sample holder inside both the Cd and Pb cups, which remove the gamma spectrum and the thermal neutrons. The solid black spectrum was obtained with only the Cd cup in place. The dashed spectrum was obtained with no shielding cups in place.
The data show that the actual gamma response is very poor (compare the grey and black spectra) and that the gamma background is more than an order of magnitude lower than the neutron foreground in this particular source geometry. Neglecting the gamma response, and integrating the neutron response curve between the two cursors (channels 75 through 5000), an experimental count rate of 16.6 counts/s (0.5 cm diameter electrodes, 1 mm thick crystal) is observed. This compares reasonably favorably with a theoretical of 11.8 counts/s based on the 941 b 6 Li cross section and the dimensions of the detector. For a 1 mm crystal, the capture rate is expected to be �1 − −4.47×941×0.6022×0.1/279 � = 0.60, where the various factors in the exponent account for the density (4.47 g/cm 3 ), the Li capture cross section, the thickness of the crystal, Avogadro's number, and the molecular weight of the material. The discrepancy between the experimental and theoretical values likely indicates an error estimate of the thermal flux at the sample position, which had been previously measured with activation foils without any material at the open port. In the present measurements, the CoolFET® and brass eV Products 480 were in a position to reflect neutrons back toward the detector.
The RMD detector was operated for 10 h at 325 V (with otherwise identical settings of the electronics as were used for the Fisk device) because above this voltage noise pulses, probably caused by electrical breakdown, were observed that rendered the pulse height spectra useless. Figure 4b shows that the resolution of this device is poorer than the Fisk device's, as evidenced by the lack of sharpness of the edge of the neutron spectrum. The charge collection of this particular device is slightly worse than the Fisk detector as is seen from the position of the knee in the neutron spectrum. 
Gamma Response
We measured the gamma response of the Fisk detector to 137 Cs, 60 Co, and 166m Ho. Electronics settings were as described above; the bias was maintained at 500 V, with the positive (electron-collecting) electrode being the pogo pin. Data were acquired for 30 minutes (except for a 12 h overnight background), with each source placed directly on the Be window of the eV Products 480 sample holder. The source material was contained within a Type D button, and the radioactive material was 1.5 mm beneath the surface of the source button. Including the thickness of the window, and the set-back between the window and the front of the sample holder, the source material-detector distance was approximately 4 mm. The Cs and Co sources were each 5 µCi; the Ho source was 10 µCi. The reader may notice an extra knee in the 137 Cs spectrum. This is caused by events in which two 662 keV gamma rays from two different decays enter the detector simultaneously and both result in 180° Compton scattering. The second knee is an order of magnitude lower in amplitude than the first knee, consistent with the source strength and geometry of the measurement. Such events are not seen in the Ho or Co spectra because the energies of the gamma rays are higher, and the interaction probability is less than that of the 662 keV gamma. When such interactions do occur, the scattered electron has greater range and, therefore, greater probability of escaping the thin detector. A 1 MeV electron has a (CSDA) range of approximately 1 mm in LiInSe 2 , whereas a 480 keV electron has a range closer to 0.43 mm. Thus, virtually none of the higher energy electrons and approximately 50% of the 480 keV electrons will deposit their full energy in the crystal, explaining the shapes of the spectra in Figure 5 . The two background spectra were obtained more than one day post neutron irradiation to allow the 116m
In to decay away. The spectra are proportional to each other and indicate that the detector was stable during a long measurement. No charge collection efficiency drift or drift of the electronics was observed.
Activation of In
The Fisk detector was exposed to thermal neutrons for 6 h while under 500 V bias. This was a sufficient length of time for the 116m In to reach equilibrium; the accepted half-life is 54 minutes. The Tukan 8K was programmed to acquire pulse height spectra for 360 seconds and wait 10 seconds while saving the data to disk. The process was repeated 120 times. A Python program was written to read the spectra, integrate the counts from channel 75 to 5000, and save the acquisition start time and integrated counts for each spectrum. The data were fit with equation (1), above, to determine the half-life, amplitude, and constant background terms. The data and fit are shown in Figure 6 ; note the logarithmic y-axis.
The data were well fit by a single exponential with a half-life of 52.4 minutes, indicating that it is unlikely that other activated isotopes contributed to the data. The only other possible contributor is 64 Cu (other activation products have half-lives that are too short or too long), but this isotope is a β-γ emitter that contributes only bremsstrahlung and a weak annihilation radiation branch. Detection of these emissions was discounted based on the observed gamma ray response seen in Figure 5 . In atoms in the detector is given by
where is the thermal neutron flux, A is the area of the detector, τ ½ is the half-life, ρ is the density of the detector, σ is the capture cross section, t is the thickness of the detector, W is the molecular weight of the unit cell, and N A is Avogadro's number. Since the number of 116m
In atoms decreases with a half-life of 54 minutes, the number of decays in an interval ∆t starting at time T after irradiation is given by
The observed number of decays in the first 360-second counting interval (T=0, ∆t=360) was 2177, and the corresponding value calculated from the dimensions of the detector and the estimated thermal neutron flux was 1694. This 29% excess is similar, but not identical, to the 41% excess observed in the neutron count rate, suggesting that the estimate of thermal neutron flux does not account for neutrons reflected back into the detector.
µτ Product
The Hecht equation describes the collection of charge carriers produced in the volume of an ionization-type detector. It parameterizes losses in terms of the electric field, carrier mobility, and carrier lifetime. In the case of a semiconductor, the usual procedure is to irradiate the detector with heavy charged particles that deposit all their energy within a few micrometers of the surface. Then, one polarity carrier is collected immediately, while the other polarity carrier must traverse the thickness of the detector. By measuring the amplitude of the collected charge as a function of electric field strength, the µτ product can be determined. The situation is shown schematically in Figure 7 . The Hecht equation then predicts the variation of the charge collection efficiency with applied voltage, mobility, and charge lifetime to be
where w is the thickness of the detector and A is a constant that does not depend on the applied voltage. Figure 7 shows the electric field arranged for determination of the µτ product of positive charge carriers. Reversing the voltage (applied electric field) determines the µτ product of negative carriers.
The situation is more complicated if heavy charged particles are produced throughout the volume of the detector. In this case, the spatial distribution of production sites must be taken into account. The geometry is shown in Figure 8 . Now positive charge traverses a distance x and negative charge traverses a distance w-x. 
where the cosh term accounts for the distribution of origination sites and is symmetric with respect to the midplane of the detector. The first term in parentheses accounts for charge collection given that the collected charge carriers traverse a distance x to reach the grounded electrode. Although equation (4) is written as if positive charge is collected, the same equation will hold for negative charge if the polarity of the applied voltage is reversed. The values of "1.2" and "2.4" (units of mm) appear because of the mean free path of thermal neutrons in 6 LiInSe 2 .
Equation (5) must be integrated over the thickness of the detector to determine the exact expression. However, the reader will note that cosh(…) is a slowly varying function of position for detector thicknesses of about 1 mm, and it does not depend on the applied voltage. Consequently, we may appeal to the mean value theorem and replace the integral with
where <x> is an estimate of the average distance the dominant charge carrier must traverse to reach the collecting electrode and A is a constant that depends on geometry, neutron capture cross section, and the µτ product. The latter can be subsumed into A because it does not depend on applied voltage. Practically, A is a fitted parameter, along with
We accumulated a collection of pulse height spectra at different applied voltages as shown in Figure 9 . Spectra with biases 500, 400, 350, and 250 V are not shown in the interest of clarity. Figure 9 . Pulse height spectra from Fisk detector as a function of applied voltage.
A Python program was written to search each spectrum from high channel to low channel to find the first occurrence of a set of consecutive channels whose counts were all statistically significantly different from 0. Effectively, this scheme selected for a minimum of two consecutive channels each with at least 4 counts. The end channel and the fit to equation (6) are shown in Figure 10 . The fitted value of < > was found to be 6.1×10 -5 cm/V. Given that the cosh(…) function in equation (5) is only slowly varying, <x> is 0.5 mm, yielding an estimate of µτ of 3×10 -6 cm 2 /V. This value is within a factor of two of the value determined in measurements performed at Fisk University with an alpha particle source, and it validates the general methodology. However, it should be noted that this technique does not include any correction for surface current, and it effectively averages electron and hole µτ values. A more precise formulation can be written as
where (ℎ) = (ℎ) (ℎ) and represents the distance traveled by a charge carrier during its lifetime. Q 0 accounts for incident flux, capture cross section, and the energy deposited by a capture event. Neither equation (5) nor (7) accounts for loss of charge when the capture event occurs near the edge of the detector, but this is not significant because the ranges of 2-3 MeV tritons and alpha particles are only 40 µm and 7.5 µm, respectively, and the detector was 1000 µm thick.
CONCLUSIONS
We have demonstrated the use of 6 LiInSe 2 semiconductor as a thermal neutron detector. This chalcogenide contains a neutron-sensitive material as a component of the crystal (rather than a coating or a filler) and relies on the collection of charge from neutron-induced charged particle reactions. The density of Li in the crystal is sufficient to ensure 95% efficiency in 3.4 mm thick wafers.
Pulse height spectra during exposure to thermal neutrons showed a continuum rather than an isolated peak. We attribute this to the suboptimal µτ product for electrons, and measurement of the µτ product indicates that it is less than 10 -5 cm 2 /V. However, we also expect that ongoing efforts to improve the purity of the starting materials and optimize the growth conditions to decrease the density of defects will increase the µτ product to the point that a peak corresponding to the 4.79 MeV 6 Li(n,t) reaction will become discernable.
Measurements of the gamma ray response indicated that it is indeed poor. This is a consequence of the relatively low Z of the constituent elements and the size of the detectors. It may be inferred from the present data that pulse height discrimination will successfully separate the neutron from the gamma response; however, this is not the most satisfactory solution to the problem because setting a threshold will always worsen neutron detection efficiency. As in any counting detector, the threshold must be set according to the ambient gamma background spectrum and flux (higher ambient energies imply a higher threshold).
The presence of indium in the detector is both a blessing and a curse in that it absorbs approximately 20% of the incident thermal neutrons to provide a signature from induced β-γ activity with a half-life of 54 minutes while stealing events from the prompt signal. When a LiInSe 2 wafer is exposed to a steady-state neutron flux, the count rate will increase over several hours as the 116m In is activated and will then exponentially decrease upon removal of the neutron flux as the In decays away. This will not occur with gamma irradiation, and analysis of the temporal behavior of the count rate may be useful to identify neutrons. Effectively, the detector behaves analogously to an R-C low-pass electronic filter, implying that techniques might be borrowed from the realm of active and passive filters to determine the parameters of the incident flux.
We expect a neutron-detecting semiconductor device to find application in hand-held detectors, criticality alarm systems, spectrometers, and health physics survey meters. Their small footprint and low power requirements make them ideal for inclusion in existing hand-held gamma detectors. In addition, the capture gammas from 115 In and the induced 116m In activity provide additional corroboration of the presence of neutrons. Criticality alarm systems often rely only on the detection of gamma activity. The addition of neutron detection would provide an additional dosimetry signal for event reconstruction. In the same vein, replacement of LiI crystals and 3 He tubes in health physics instruments and Bonner spheres alleviates issues related to ruggedness (hermetically sealed LiI crystals often use glass photomultiplier tube readouts, although Si photomultipliers will undoubtedly become more common in the future) and to the increasing cost of 3 He.
In summary, 6 LiInSe 2 represents the vanguard of a new class of neutron-sensitive bulk-form semiconductor detectors. These first results highlight both the strengths and the weaknesses of the material, and with continued work to optimize the material characteristics, the future looks bright.
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